Under defined laboratory conditions it was shown that two glucosinolate-containing plant species, Tropaeolum majus and Carica papaya, were colonized by arbuscular mycorrhizal (AM) fungi, whereas it was not possible to detect AM fungal structures in other glucosinolate-containing plants (including several Brassicaceae). Benzylglucosinolate was present in all of the T. majus cultivars and in C. papaya it was the major glucosinolate. 2-Phenylethylglucosinolate was found in most of the non-host plants tested. Its absence in the AM host plants indicates a possible role for the isothiocyanate produced from its myrosinase-catalysed hydrolysis as a general AM inhibitory factor in non-host plants. The results suggest that some of the indole glucosinolates might also be involved in preventing AM formation in some of the species. In all plants tested, both AM hosts and non-hosts, the glucosinolate pattern was altered after inoculation with one of three different AM fungi (Glomus mosseae, Glomus intraradices and Gigaspora rosea), indicating signals between AM fungi and plants even before root colonization. The glucosinolate induction was not specifically dependent on the AM fungus. A time-course study in T. majus showed that glucosinolate induction was present during all stages of mycorrhizal colonization.

Glucosinolates are amino acid-derived secondary plant products synthesized by members of the Brassicaceae including crops such as Brassica napus (oilseed rape), Brassica rapa (Chinese cabbage) and Brassica juncea (brown mustard), and also by other plant families such as Arabidaceae, Capparaceae, Caricaceae, Resedaceae and Tropaeolaceae (Rodman, 1991 ; Wallsgrove et al., 1998) . So far 100 glucosinolates have been described (Daxenbichler et al., 1991 ; Sørensen, 1991) , which can be grouped into three general classes based on the *Author for correspondence (tel j49 351 463 3939 ; fax j49 351 463 7032 ; e-mail jutta.ludwig-mueller!mailbox.tu-dresden.de).
precursor amino acids -aliphatic\alkenyl (derived from L-Met homologues), aromatic (derived from L-Phe, L-Phe homologues and L-Tyr) and indolylglucosinolates (derived from L-Trp) (Bennett & Wallsgrove, 1994 ; Wallsgrove et al., 1998) . Upon tissue disruption such as fungal infection or insect feeding, glucosinolates are catabolized by myrosinases (thioglucosidases ; EC 3.2.3.1) to produce a variety of bioactive compounds (dependent on the parent glucosinolate) including isothiocyanates, thiocyanates, nitriles, oxazolidenethiones and epithioalkanes (for review see Wallsgrove et al., 1998) . Some of these compounds have been shown to be fungitoxic\fungistatic (Greenhalgh & Mitchell, 1976 ; Bennett & Wallsgrove, 1994 ; Wallsgrove et al., 1998) . Others such as the indolylglucosinolates play a role in the biosynthesis of indole-3-acetic acid (IAA) in the Brassicaceae and in the formation of clubroot disease (Plasmodiophora brassicae ; LudwigMu$ ller & Hilgenberg, 1988 ; Ludwig-Mu$ ller et al., 1990 , 1997 , 1999a . Non-Brassica plants such as Tropaeolum majus and Carica papaya have benzylglucosinolate as their major glucosinolate (Bennett et al., 1996 (Bennett et al., , 1997 .
Mycorrhizas are symbiotic associations between plants and root-colonizing fungi. The complex cellular relationship between host roots and arbuscular mycorrhizal (AM) fungi requires a continuous exchange of signals (reviewed by Vierheilig et al., 1998) which leads to the development of specific AM fungal structures in the roots of host plants. Most higher plants are able to form AM symbiosis with fungi of the order Glomales ; however there are contradictory reports about the mycorrhizal status of plants in the Brassicaceae (Medve, 1983 ; Harley & Harley, 1987 ; Newman & Reddell, 1987 ; Koide & Schreiner, 1992) . In general the Brassicaceae are known as AM non-host plants, however recent papers report AM colonization in wild crucifers including Capsella bursa-pastoris, Coronopus didymus, Hesperis matronalis, Matthiola incana and Sisymbrium irio (DeMars & Boerner, 1994 , 1995 Kapoor et al., 1996) . Tommerup (1984) observed that appressoria of Glomus caledonium become firmly attached to roots of B. napus, but only a few penetration pegs were formed. Glenn et al. (1985) examined a number of Brassica cultivars and detected penetration of roots by AM fungi. However microscopical analysis revealed that mycorrhizal fungal penetration occurred only in dead cortical cells, which would have very low\zero glucosinolate concentrations and therefore minimal capacity to produce fungitoxic isothiocyanates. In addition, hyphae growing near healthy cells showed retracted cytoplasm, indicating the presence of inhibitory compounds in the root exudates (Glenn et al., 1985) . In none of these studies, however, was a functional AM association characterized by the formation of arbuscules observed.
Several hypothesis have been suggested to explain the inability of AM non-host plants to form mycorrhizas (Koide & Schreiner, 1992 ; Vierheilig et al., 1998) . Whereas the Chenopodiaceae and lupins appear to lack factors essential for AM mycorrhiza, in other non-hosts such as Brassicaceae two other mechanisms have been proposed : (1) the differences in phosphate acquisition\scavenging systems compared with mycorrhizal species (Murley et al., 1998) ; and (2) the formation of fungitoxic\fungistatic breakdown products from the glucosinolates (Vierheilig & Ocampo, 1990a,b ; Koide, 1991 ; Koide & Schreiner, 1992 ; Schreiner & Koide, 1993a,b) .
In this study we tested the correlation between constitutive endogenous glucosinolate concentrations and\or patterns, in a variety of glucosinolatecontaining plants, with the ability\inability of these plants to form AM symbiosis. Glucosinolate concentrations were measured in the roots of AM-inoculated and non-inoculated plants in order to determine if suppression and\or induction of these metabolites occurs, and hence might affect mycorrhizal colonization.
  

Plant material and inoculation procedure
The sources and cultivars of plant material used in this study are summarized in Table 1 . Seeds were surface-sterilized in 50% commercial bleach for 5 min, rinsed several times with tap water and germinated in autoclaved (40 min ; 120mC) vermiculite. After 8 d the seedlings were transferred to a steam-sterilized (40 min, 120mC) mixture of silicate sand, TurFace2 (baked clay substrate which is mechanically broken to a diameter of 2-5 mm ; Applied Industrial Materials, Buffalo Grove, IL, USA) and soil (2 : 2 : 1, v\v\v). Plants were inoculated in a growth chamber (day : night cycle 16 h, 22mC: 8 h, 20mC ; 50% rh) using the compartment system developed by Wyss et al. (1991) consisting of three compartments. A central compartment (20i10i2 cm) contained beans (Phaseolus vulgaris L. cv. Sun Gold), inoculated with one of the three AM fungi tested. This was separated by a nylon screen (60 µm mesh size), which is penetrated by hyphae but not by roots, from the lateral compartments which in turn were subdivided into five small subcompartments (3n3i10i2 cm). Test plants were grown in the subcompartments. With AM host plants this design results in AM colonization of the plants in the lateral subcompartments within 2 wk. Thus a period of 4n5 wk, as used in most of our experiments, ensures that if plants are susceptible to AM fungi root colonization will occur. For the time-course experiment, plants were harvested 11, 21, 31 and 105 d after joining the lateral compartments with the central compartment and thus exposing the plants to the AM fungi. Roots of three plants per species were harvested and a subsample taken for determination of infection following clearing and staining (Phillips & Hayman, 1970) . Stained roots were inspected with a Leitz Laborlux 12 light microscope, and the percentage of root colonization was determined by counting the fungal structures (hyphae, arbuscules, vesicles) in infected roots according to a modification of Newman's (1966) method.
Several different AM fungi were tested -Gigaspora rosea Nicolson & Schenck (Bago et al., 1998) 
Glucosinolate analysis
A subsample of roots from each of the three plants was washed with tap water and dried between filter papers, and the fresh weight of each sample was recorded. The plant material was frozen in liquid N # before freeze-drying. Dry samples were milled to a fine powder before glucosinolate analyses. Glucosinolate extraction (from 3i40 mg d. wt per sample) and determinations were performed as previously described (Porter et al., 1991 ; Bennett et al., 1996 ; Kiddle et al., 1999) using sinigrin as an extraction standard. Separation and detection of desulphoglucosinolates was performed using a Waters 996 photodiode array HPLC (Waters, Milford, MA, USA), and identifications were achieved using authentic standards which were previously identified by NMR ("$C and "H) and chemical ionization mass spectrometry (G. Kiddle et al., unpublished) . All analyses were done in triplicate for each sample. The semi-systematic and trivial names of glucosinolates identified in this study, and the abbreviations used in the tables and figures, are given in Table 2 .

Mycorrhizal status of tested plants
AM fungal structures were observed only in C. papaya and the T. majus cultivars. Successful colonization was defined as the formation of arbuscules and\or vesicles as functional mycorrhiza. When the T. majus cultivars were inoculated with G. rosea arbuscules were clearly visible in the roots (not shown), and in plants inoculated with G. mosseae or G. intraradices arbuscules and vesicles were observed (Fig. 1a,b) . In C. papaya inoculated with G. mosseae, roots were extensively colonized and many arbuscules were formed (Fig. 1c) . No AM fungal structures attached to or in the roots, or any other alterations of the roots, were observed in the other glucosinolate-containing species (Tables 1, 3) .
Glucosinolates in AM-inoculated and non-inoculated T. majus plants
Slightly different glucosinolate profiles were found in uninoculated roots of the different T. majus The analyses were carried out 4n5 wk after inoculation. The infection rate was 86p6 and 78p5% for ' nanum ' and ' Botanical Garden Frankfurt ' (BGF), respectively. Open bars, uninoculated ; closed bars, inoculated. Values are given as meanspSE, n l 3. See Table 2 for abbreviations of glucosinolates. 
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3-B 3-IM Benz Glucosinolate Fig. 3 . Glucosinolate induction in Tropaeolum majus after inoculation with specific AM fungi. T. majus ' Botanical Garden Frankfurt ' was inoculated with Glomus mosseae, Glomus intraradices and Gigaspora rosea. Plants were harvested and analysed 4n5 wk after inoculation. The infection rates were 78p5% for G. mosseae, 63p5% for G. intraradices, and 90p7% for Gigaspora rosea. Values are given as meanspSE, n l 3. See Table  2 for abbreviations of glucosinolates. cultivars, but in all of them benzylglucosinolate was present at high concentration (Fig. 2) . In T. majus ' Nanum ' and ' Botanical Garden Frankfurt ' (BGF), traces of alkenylglucosinolates and 3-indolylmethylglucosinolate (3-IM) were also found (Fig. 2) , whereas in T. majus ' Samenhandlung Knutzen Kiel, Germany (SKK) ' there were only traces of 3-IM, and none of the alkenylglucosinolates (data not shown).
After inoculation with a Glomus species there was no effect on the benzylglucosinolate concentration in T. majus ' nanum ', whereas increases in 2-OH-3-butenyl-, 3-butenyl-and 3-indolylmethylglucosinolates were measured. The T. majus cultivar from the Botanical Garden Frankfurt showed a marked increase in benzylglucosinolate and 3-IM. In summary, all roots in which G. mosseae formed arbuscules and vesicles showed increases in several glucosinolates compared with the uninoculated controls.
To determine whether the induction of glucosinolates in T. majus was dependent on AM fungal Table 2 for abbreviations of glucosinolates.
species and\or genera, T. majus ' Botanical Garden Frankfurt ' was inoculated with three different AM fungi. The two major glucosinolates (benzylglucosinolate and 3-IM) were induced by all three isolates to approximately the same extent, but induction of 3-butenylglucosinolate was only observed after inoculation with G. intraradices (Fig. 3) . A time-course experiment (Fig. 4) showed that the induction of benzylglucosinolate in roots colonized by G. mosseae occurred in early (young roots, 11 d after inoculation, dai), intermediate (20 and 31 dai) and later (105 dai) phases of colonization. In contrast to roots, no consistent differences of benzylglucosinolate were observed in leaves (one exception was a decrease found at 20 dai in leaves of inoculated plants). The effects on glucosinolate induction therefore appear to be root-localized and not systemic.
Glucosinolates in different control and G. mosseaeinoculated species
AM colonization by G. mosseae of glucosinolatecontaining species from the families Arabidaceae, Brassicaceae and Resedaceae was also tested (Table  1) . Even without successful establishment of the mycorrhizal symbioses in these species, a consistent change was observed in the glucosinolate content in inoculated versus non-inoculated plants. However, the glucosinolate accumulation pattern was not the same for all species. This can be seen as an increase in several classes of glucosinolates (Figs 5, 6 ). In the Table 2 for abbreviations of glucosinolates.
species of Arabidaceae the aromatic and indolylglucosinolates were affected : in Barbarea vulgaris, in addition to 2-phenylethylglucosinolate (2-PE), four indolylglucosinolates were induced, whereas in Barbarea praecox the concentration of 3-IM was reduced but 2-PE showed increases similar to those found in B. vulgaris (Fig. 5) . In Nasturtium officinalis (Brassicaceae), slight induction of 2-phenylethyland 4-OH-3-indolylmethylglucosinolate was found. In both Lepidium sativum cultivars 2-PE was induced in inoculated roots, whereas the major glucosinolate Table 3 . (benzylglucosinolate) was essentially unaltered. In Sinapis alba only 4-MeO-3-indolylmethylglucosinolate was induced, and other glucosinolates were reduced in inoculated roots compared with controls. Two B. napus cultivars with different seed glucosinolate contents were also investigated. One single low cultivar (low erucic acid, high total glucosinolate, 3n1 µmol g -" seed, according to the distributor) and one double low cultivar (low erucic acid and low total glucosinolate, 0n4 µmol g −" seed, according to the distributor) were inoculated. No AM colonization was found in the roots of either cultivar. As with the other non-mycorrhizal crucifers tested, there appears to be some effect on the plant of the AM fungusseen again as increases in specific glucosinolates in the inoculated roots (Fig. 6) . The patterns for induction were essentially the same in both cultivars. The root glucosinolate concentration and pattern differed only slightly between cultivars, although the seed glucosinolate levels were different. No systemic changes\induction of glucosinolates in leaves was observed. Table 3 summarizes the results and presents the glucosinolate patterns in other plants tested during this study, but not described in detail (e.g. Brassica nigra, Reseda species).
Glucosinolate pattern in roots of mycorrhizal and non-mycorrhizal plant species

The colonization by AM fungi of glucosinolatecontaining plant species such as certain Brassica and Reseda species has been reported ; however a functional mycorrhizal association has never been proven (Medve, 1983 ; Harley & Harley, 1987 ; Newman & Reddell, 1987 ; Tester et al., 1987 ; Koide & Schreiner, 1992) . Most studies have been performed on field material where the unequivocal identification of individual fungi is often difficult unless arbuscules and vesicles are formed (Harley & Harley, 1987 ; Tester et al., 1987) and therefore hyphae attributed to AM fungi might in fact be those of nonmycorrhizal fungi (DeMars & Boerner, 1995) .
In our study defined AM fungal isolates were used under controlled conditions, and some of our results contradict earlier reports (Medve, 1983 ; Harley & Harley, 1987 ; Newman & Reddell, 1987 ; Tester et al., 1987 ; Koide & Schreiner, 1992) . No root colonization or even AM fungal hyphal attachment to roots was seen in species of Arabidaceae, Brassicaceae or Resedaceae. Therefore we suggest that the term non-mycorrhizal should be maintained for these plants.
To our knowledge there are no previous comprehensive data that link AM colonization with the quantitative\qualitative glucosinolate content of roots. Where glucosinolate analyses have been performed, often only seed glucosinolate content was analysed, and rarely any other tissue (e.g. Daxenbichler et al., 1991) .
In the present study, high root concentrations of benzylglucosinolate were found in the AM non-host plant L. sativum and in the AM hosts T. majus and C. papaya. In C. papaya cyanogenic glucosides are also present (Bennett et al., 1996 (Bennett et al., , 1997 . However, the formation of arbuscules and vesicles in C. papaya indicates that the AM fungus can deal with these metabolites. Since myrosinases are known to occur in all glucosinolate-containing plants (Wallsgrove et al., 1998) , and thus benzylglucosinolate can be readily hydrolysed to a potentially bioactive compound, this indicates that benzylglucosinolate might not be the sole factor responsible for the non-host status of L. sativum. The presence of 2-PE in the roots of L. sativum might be a more important factor. 2-PE, and its myrosinase-produced isothiocyanate, is a good candidate to explain the AM non-host status of L. sativum and the other glucosinolatecontaining plants. It was detected only in non-AM plants and not in glucosinolate-containing AM host plants. It was not detected in non-inoculated roots of the AM non-host B. napus, but it was present in AM-inoculated roots. In roots of Reseda lutea and Reseda alba the major glucosinolates are o-alpha-(rhamnopyranosyloxy)benzyl and 2-phenylethyl, respectively (R. Bennett, unpublished results). The modified benzylglucosinolate also yields an isothiocyanate upon myrosinase hydrolysis (Olsen & Søren-sen, 1979) .
Analysis of changes in the much smaller concentrations of aliphatic glucosinolates did not give any clear correlations with AM inhibition. 2-Hydroxy-3-butenyl glucosinolate and 3-butenylglucosinolate were detected in all T. majus cultivars and in several AM non-hosts, whereas both compounds were absent in C. papaya and a range of other non-hosts. Other aliphatic glucosinolates such as 2-hydroxy-4-pentenylglucosinolate, 2-propenylglucosinolate and 7-methylsulfinylheptyl and 8-methylsulfinyloctyl glucosinolates were detected sporadically in low concentrations in some non-hosts. The presence of the same aliphatic glucosinolates in similar concentrations in the AM host and non-host plants makes it unlikely that aliphatic glucosinolates are responsible for the inability of the non-host plants to become colonized by AM fungi.
A different pattern was observed with the indole glucosinolates. 3-IM was detected in the mycorrhizal T. majus cultivars and in most of the tested AM nonhosts (except L. sativum). In the mycorrhizal plant T. majus, similar levels of 3-IM were detected to those in some of the non-host plants ( Fig. 5 ; N . officinalis, S. alba, B. vulgaris) , indicating that the concentration of 3-IM is not a regulating factor for AM status. Apart from 3-IM, no other indole glucosinolates were detected in the mycorrhizal plants, but several other indole glucosinolates were found only in roots of AM non-hosts (Figs 5 and 6), so these indole glucosinolates and their breakdown products might be additional factors inhibiting mycorrhizal colonization of these plants. However their absence, or presence in very low concentrations, in L. sativum, R. lutea and R. luteola exclude them as more general factors.
There are few data on the specific cellular localization (e.g. epidermis versus cortex) of glucosinolates\myrosinases in the roots of the species investigated. The initial theory that myrosin cells were the sole site of glucosinolates and myrosinase is unlikely, and therefore it cannot be avoidance of these cells that explains the successful colonization of T. majus and C. papaya (Kelly et al., 1998 ; Wallsgrove et al., 1998) . Probably there is synergistic inhibition by various root metabolites leading to inhibition of colonization in the other glucosinolatecontaining species. The degradation of glucosinolates to isothiocyanates was proposed to be one of the reasons responsible for the non-mycotrophic status of the Brassicaceae, as the latter compounds are fungitoxic. Several studies support this hypothesis. Root colonization with AM fungi was reduced in mycorrhizal plants when co-cultivated with crucifers (Hayman et al., 1975) , and exudates of crucifers reduced AM fungal spore germination (El-Atrach et al., 1989) and hyphal spreading in soil (Vierheilig et al., 1995) . Moreover, the volatile and soluble fractions of cabbage root extracts (Vierheilig & Ocampo, 1990a) and of sinigrin in combination with myrosinase (Vierheilig & Ocampo, 1990b) exhibited an inhibitory effect on spore germination of G. mosseae. Some glucosinolate hydrolysis products might inhibit spore germination and\or hyphal growth, whereas others might be inactive. Schreiner & Koide (1993a) isolated three antifungal compounds derived from glucosinolates from Brassica kaber. The predominant antifungal compound was identified as p-OH-benzylisothiocyanate, which is derived from p-OH-benzylglucosinolate. In this study p-OH-benzylglucosinolate was present only in S. alba and is therefore unlikely to be generally responsible for inhibition of colonization ; benzylglucosinolate would seem unlikely as two species with high root concentrations were colonized (Table  3) . The major breakdown product of 2-PE is the volatile 2-phenylethylisothiocyanate (Table 2 ), but it is not known whether this compound inhibits AM fungus growth and\or development. However the general high chemical\biological reactivity of the isothiocyanates indicates antifungal activity (Wallsgrove et al., 1998) . This hypothesis is currently under investigation in our laboratory.
The formation of the AM symbiosis requires a continuous exchange of signals between plant and fungus. This exchange of signals starts even before a direct contact between both symbiotic partners occurs. There is abundant information about signals released by roots toward AM fungi (reviewed by Vierheilig et al., 1998) , but scarcely any data are available about signals from the fungi toward plants. After inoculation with an AM fungus, changes in glucosinolate levels were observed in all the plant species investigated in this study, even when no hyphae were attached to the roots, indicating that signals were released by the fungus. A precolonization signal in the AM interaction has already been suggested in a study of chitinase activity in B. napus roots inoculated by G. mosseae (Vierheilig et al., 1994) .
In summary, our results show : the aromatic glucosinolate 2-phenylethylglucosinolate as a possible general factor responsible for the non-susceptibility to AM infection of some plants ; a plant-fungus interaction as shown by changes in endogenous root glucosinolate concentrations in AM host and non-host plants ; and localization of the effects of inoculation in the roots, with no systemic increase of glucosinolates.
